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A B S T R A C T 
In order to relieve some of the pressure on the world's fish stocks caused by overfishing on 
certain species, a research group is exploring the possibilities in growing copepods on an 
industrial scale. To do this a large scale growth of microalgae is required, a process that 
demands a high level of monitoring.  
A critical aspect of the monitoring, is keeping the biomass under control, for this the 
optical density measurement is often used, as a way of monitoring the growth of 
microorganisms and assessing their biomass. However, there is a distortion between this 
biomass assessment, and the actual biomass. The pigments in the algae are considered one 
of the key factors contributing to this distortion.  
Our goal is to quantify the growth of the algae under certain conditions, and quantify the 
corresponding chlorophyll contents. This data will be collocated with the cell count found 
from an analysis of the OD at three wavelengths, and the actual cell count, found with a 
Coulter counter.  
It was found that the optimal wavelength for monitoring the growth of this specific alga 
was 750 nm when grown in a medium with optimal nitrogen contents and under a high 
light exposure. However the results of the conducted pigment extractions was inconclusive 
in order to provide a valid argument about the influence of pigments on the OD. 
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A F F I R M A T I O N 
This project is conducted as a part of a larger project, with the aim of maturing the 
industrial scale production of copepods by researching the underlying problems of such a 
production. The project is led by Prof. at Roskilde University, Benni Winding Hansen, and 
counts many partners from other Danish universities as well as researchers from other 
countries, all contributing to this work (Jensen, 2010). 
I N T R O D U C T I O N 
The pressure on our natural resources is constantly increasing and as a result, we see an 
ever growing scarcity in space and food as the human population increases. Food scarcity 
has limited people's diet options and therefore put pressure on certain foods and thus 
seeing the demand far exceeding the supply. When demand exceeds supply, people are 
forced to prioritise and this means that other foods would be consumed a lot more than 
others. For instance, a more protein-heavy diet consisting of a lot of meat and fishes will 
be preferable since proteins are energy giving foods hence putting pressure on the 
aforementioned foods. 
Looking more closely on the fish consumption, one way to potentially reduce this pressure 
is by cultivating fishes in closed-off systems under controllable conditions, a method that 
requires a consistent input of food for the fish. As it is, the fish production or aquaculture 
is growing more rapidly than any other animal food-producing sector going from less than 
1 million tons in the early 1950s to more than 50 million tons in 2006 and thus, could be a 
suitable alternative to the food scarcity (FAO fisheries, 2008). However, the aquaculture 
does not always reduce pressure on wild fisheries since most farmed species such as 
salmon are carnivorous and are usually fed with fishmeal and fish oil extracted from wild 
forage fish.(FAO fisheries, 2008) As a result of this, there continues to be a strain on our 
marine ecosystems. 
A plausible solution could be the industrial production of copepods (zooplankton). 
Copepods are a species of aquatic crustaceans, also a key component of multiple marine 
food chains and are able to proliferate in very different conditions (Leow and al, 2015), 
which makes it easy for their large scale production. The main advantage of using 
copepods over wild catch to feed fishes in aquaculture is the reduced amount of energy 
lost between the trophic levels of the food chain.  
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Between every trophic level a lot of energy is lost due to the metabolism in those levels 
(Krebs, 2009). As a consequence, feeding the fish in aquaculture with organisms from the 
higher trophic levels, would lead to a higher loss of energy which is not ideal. On the other 
hand, feeding solely with zooplankton would require a significantly large amount of 
biomass. Because the copepods feed on primary producers, such cultivation requires a 
large scale production of microalgae (Brown, 2002). 
The Rhodomonas Salina (Microalgae strain) 
Based on preexisting literature and the work currently being carried out by our parent 
group (led by Benni Winding Hansen) the microalgae species we chose to use as a food 
source for our copepods in our experiment was the Rhodomonas Salina. Rhodomonas 
Salina is a cryptophyte species, described in 1989 by Hill & Wetherbee (Olenina et al, 
2006) as commonly found in freshwater but also in brackish and marine habitats. The cells 
are ovoid and flattened and own two flagella at the edge of a groove, used for locomotion. 
The size of the algae varies from 5 to 11µm and the diameter is around 6µm (Dennis 
Kunkel Microscopy Inc, 2013). The algae contains 3 major pigments: the chlorophyll a, the 
chlorophyll c and the phycoerythrin that gives the algae its reddish-brown color (Vu et al, 
2015). 
  
      Figure 1: Image of a Rhodomonas Salina microalga on 3 different focuses .  
 Picture found on Wikipedia.com 
 
To produce Rhodomonas on a large scale, a very efficient control of its growth is required. 
This is done by carefully monitoring the amount of nutrients introduced in the culture and 
the amount of biomass removed in order to prevent overpopulation. By doing so, you 
could theoretically, obtain a culture growing indefinitely. To do so, bioreactors with self-
monitoring on all parameters are used. The main way of tracking the biomass of the 
microalgae in a bioreactor, is by measuring the optical density (OD) of the culture to get a 
real-time estimation of the concentration of cells and thus the biomass (Griffiths et al, 
2011). 
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The Optical Density measurement 
The Optical Density (or turbidity) is a measurement of the amount of light that passes 
through a material or any other substance, and thereby also a measurement of the amount 
of light that is absorbed by the substance. It indirectly tells us the concentration of, in our 
case, the algae in the liquid under inspection. The application of such a method can be 
different depending on the field of studies; for example, in the engineering field, it can be 
used to identify the type of material that makes an object or even in image processing. It is 
also widely used to study cells such as bacteria and other micro-organisms and their 
components like proteins (Griffiths et al, 2011). Indeed, the optical density of a suspension 
can be related to its cell concentration, using the appropriate standard curve (Griffiths et al, 
2011).  
The OD is measured by a device called a spectrophotometer which casts a beam of light 
through the material studied and then measures how much of this light is absorbed and 
how much is scattered. A vital step in OD measurements is making sure that the 
appropriate wavelength of light cast out by the spectrophotometer is chosen, given that the 
OD of one material can vary depending on the wavelength (Griffiths et al, 2011). 
This measurement is based on the scattering and absorbance of light by cells in a liquid 
suspension, The OD relies on multiple characteristics of the cells such as their size and 
shape and their pigment content (Griffiths et al, 2011). In fact, the latter can vary 
considerably from one cell to another depending on the species but also on each cell’s 
maturity and on the condition under which the algae were grown (BEGUM H. et al., 2015) 
. It is an important source of error in the assessment of the biomass and thus has to be 
taken in account in its measurement (Griffiths et al, 2011). Moreover, it is imperative to 
consider the characteristics of the pigments in the algae when choosing the wavelengths 
used to measure the OD. This can be done by consulting an absorption spectrum of the 
pigments. Most of the time, the wavelengths of light absorbed by pigments and thus used 
when conducting photosynthesis, are around 420nm and 665nm (Figure 2).  
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Figure 2: Representation of the photosynthetic absorption spectrum (Socratic.org, 2014) 
 
Objectives 
The main goal for this project is to optimise the biomass measurement of the Rhodomonas 
Salina in order to improve the production of said microalgae in bioreactors, on an 
industrial scale. This is done by establishing a relationship between the OD measured from 
a culture of microalgae and the actual bio-volume of this culture measured using a coulter 
counter (CC). Because it is an important source of error in the OD measurement, the 
pigment content is also taken into consideration by making chlorophyll extractions to 
establish just how much pigment is found in the algae. 
 
Hypotheses 
Our preliminary hypothesis is that there is a distortion in the turbidity measurements when 
dealing with algae leading to wrong calculations of the biomass in bioreactors relying on 
OD as the indirect measurement of biomass.  
A second hypothesis ensuing the former is that: the distortion between calculated and 
actual biomass is due to pigment concentration in the algae and this concentration is varies 
depending on growth conditions and growth stage.  
In addition, it is expected that possible differences in the OD at different wavelengths can 
be explained by the pigment absorption spectrum. 
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M E T H O D S  
The following chapter focuses on the different experiments conducted in order to gather 
the necessary information needed to answer the problem formulation. The following five 
subheadings will detail every aspect of the methods we followed in conducting the 
experiment from cultivating the algae culture, to the software utilised in processing the 
data.  
The Cultivation of Algae 
The purpose of this culture is to monitor the growth of the algae in number, size and 
pigment content under different conditions: with an optimal or minimal light exposure and 
with optimal or minimal nitrogen content. Indeed, the amount of nitrogen has a consequent 
impact on the pigment content of a microalga and thus, has to be tested as a major factor in 
the OD measurement. 
All the material was autoclaved before use.  
During the first part of the experiment (condition 1), the microalgae were first grown in 
the laboratory facilities of Roskilde University (RUC) for 7 days before being used in the 
experiment. The culture was diluted in 1L of optimal medium containing 1mL of nitrogen, 
1mL of trace metals, 1mL of phosphate and 0.5mL of vitamins. This batch was grown with 
a plentiful light exposure and temperature (20ºC) until it reached a concentration of 50,000 
to 100,000 cells.ml-1, after which the experiment started. 
 
                                                      
                             Figure 3: Photo of the 1L batch culture of the condition 1 
From the 1L batch, 640mL were divided in 8 tubes of 80 mL each and continued to be 
grown in an MC-1000 multicultivator which is a device used for small scale culturing of 
organisms. It has 8 test-tubes that can contain 85mL immersed in a temperature-controlled 
water-bath (Photon System Instruments). Each can be individually illuminated with LEDs 
(up to 900μmol.m-2.s1). 
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Figure 4: Photo of the MC-1000 multicultivator 
The tubes were put under two different conditions as shown on the following table: 
 Tubes 1 to 4 (low lights) Tubes 5 to 8 (high lights) 
LIGHT 20 µE.m-2.s-1 140 µE.m-2.sec-1 
TEMPERATURE 20ºC  20ºC  
Table1: Conditions of growth 
For the second part of the experiment (condition 2), another microalgae culture grown in 
RUC for approximately 7 days as well was diluted in 1L of medium similar to the one 
used in the first part except for the nitrogen content that was lowered to a tenth of the 
optimal one (100 µL). The batch was then treated the same way and put under the same 
conditions in the multicultivator. 
The OD Measurements 
This method relies on the measurement of absorbed and scattered light by particles in a 
liquid suspension and thus, the composition, size and shape of these particles are important 
factors in the results. Moreover, the wavelengths chosen to cast the beam of light are also 
critical for the measurement giving the fact that the different elements absorb light more or 
less depending on it. Because the factor that is most affected by the difference in 
wavelength, is the pigment content (here mostly chlorophyll a and c), 3 different 
wavelengths were chosen according to its maximal range of absorption: 
 
- 665nm, because it is the wavelength at which the chlorophyll absorbs the most in the red 
area. 
- 550nm, because it is a wavelength at which the chlorophyll absorbs with less intensity 
and so should not interfere in the OD measurements as much.   
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- 750nm, because this wavelength is out of the range of absorption of the chlorophyll and 
therefore, the OD measured should not be affected by the pigmentation. 
 
For both conditions of the microalgae culture, 1 or 2 samples of 1ml were taken each day 
from each of the 8 tubes of the multicultivator and this even after the death of the alga 
(when they turn green). Those samples were used to measure the OD at the 3 selected 
wavelengths and the results were listed on Excel table. 
The Coulter Counter Measurements 
A coulter counter is a very precise apparatus used to count and size particles like bacteria, 
viruses or eukaryotic cells suspended in electrolytes without taking in account their color, 
shape or composition. It monitors the changes in electrical impedance to evaluate the 
volume of particles as they pass through an aperture one by one. This device was first used 
to analyse blood cells but is now used for many other academic and industrial purposes.  
Here, the cell count obtained using this method will use as a reference cell count for our 
analysis. The coulter counter used here is a Beckman Coulter Counter Multisizer 4. 
 
Figure 5: Picture of a Beckman Coulter Counter Multisizer 4 
For both conditions of the experiment, all 1ml samples used for the OD measurements 
were diluted with 9ml of saline water in cups used specifically with the CC and numbered 
from 1 to 8. With the coulter counter, the concentration of cells and the mean of their size 
for each tube was determined and listed on an Excel table.  
However, the concentration given by the coulter counter was the one for a 10x diluted 
sample so it was multiplied by 10 to have the real concentration. Moreover, because of the 
characteristics of the algae, the range of size chosen to have a proper mean was from 5 to 
11μm. 
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The Chlorophyll Extraction 
The pigment content is specific to a species and as such, has to be analysed when trying to 
characterise its growth. Different methods exist, most of them using spectrophotometry 
which is considered viable when dealing with chlorophyll.  
Our goal here is to extract the chlorophyll a and c from our samples and to measure its OD 
in order to compare it with the OD measurements of the whole culture. The samples used 
are the same ones used before for the coulter counter. For both conditions of the 
experiment, the samples of 10ml were filtered with high pressure and the filters were put 
in numbered closable tubes and stored at -20ºC. After the end of the experiment, all filters 
were treated on a total duration of 3 days and on 3 steps:  
1- The tubes were opened and the filters were dried in a Lab freeze dryer, for a period of 
12 to 24 hours. 
2- The filters were put in new tubes and soaked in 3 ml of 90% Acetone for 24 hours at 
4ºC. 
3- The filters were removed from the tubes and the OD of the solution for each tube was 
measured at 664 nm and 640nm with a spectrophotometer. 
The results were listed on an Excel table. 
 
Figure 6: Photo of the filters soaking in 90% Acetone 
 
Applied Software 
After acquiring our results, the statistics software SPSS was utilised in processing the data. 
From this software, a correlation/regression analysis was conducted on the data and from 
that we were able to draw conclusions on the relationship and strength of the relationship 
between the OD and cell count. To obtain the best results possible, the growth phases 
(exponential and stationary) of the culture under each condition were processed separately. 
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Two main steps were followed: 
1) Correlation analysis 
A correlation analysis is the use of statistics to evaluate the strength of the relation 
between variables. In order to perform it on the program, a bivariate correlation analysis 
was chosen. The bivariate analysis was the most sensible choice considering the fact that 
we had two variables (OD and Cell count) at hand. From the two tests at our disposal, we 
chose to use the Pearson’s test over the Spearman’s test, the reason being that the former is 
a parametric test and unlike  the Spearman’s test(nonparametric ranking test), it gives 
much more reliable results by not ranking its data and thus not leaving out other valuable 
information.  
The correlation coefficient, “r” was retrieved from the data acquired; it tells us the strength 
of the correlation, ranging from 0 to 1, (from very weak to very strong). 
However, because a strong correlation does not necessarily mean a strong significance, the 
program also computes a “p” value, which shows us the significance of the correlation and 
from that we were able to draw conclusions on the relationship between the OD and the 
cell count. 
2) Regression analysis 
The second and maybe most important part is the regression analysis. From this we were 
able to model a mathematical relationship between the OD and the cell count. This is done 
in order to predict the “y” value corresponding to every “x” value. To do this on the 
program, we had to go into Analyze, then regression, then linear. In our analysis, the “x” 
value is the reference cell count obtained from the coulter counter and the “y” value is the 
OD measured using the same samples. From this we got the linear equation        
    linking the OD to the cell count for each growth phase under each condition.   
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R E S U L T S 
In this chapter, we will display the relevant data extracted from our different experiments. 
The raw data will be accessible in the appendix section. 
For better understanding, the cultures from tubes 1 to 4 are called “low light” and tubes 5 
to 8 are called “high light” for both conditions. 
 
Proliferation of the Algae Depending On the Growth Conditions 
1) The algae grown in an optimal medium (condition 1) 
By monitoring our cultures, we were able to establish growth curves from the different 
techniques used, the first one being the OD measurement. In the condition 1 where the 
algae were grown with the optimal amount of nutrients, the difference of growth between 
the high light and the low light is clearly visible (Figures 7-8). The figures show an 
exponential growth during the first 80 hours approximately for high light when the growth 
of the low light is more linear and lasts almost three times as long (228 hours). This 
difference is also clearly visible when looking at the growth rate of the high light which is 
more than twice the one of the low lights and this at every wavelength (Table 2). 
These results are expected giving the fact that the cultures put under the higher light 
receives more energy and thus grow and die faster; however, it takes more time for the low 
light to thrive and multiply hence their longer growth period. 
Figure 7: Growth curves of the low light algae under condition 1. 
Each curve represents the average OD of the 4 test tubes grown under the same light at each of the 3 selected 
wavelengths. 
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Figure 8: Growth curves of the high light algae under condition 1. 
Each curve represents the average OD of the 4 test tubes grown under the same light at each of the 3 selected 
wavelengths. 
 LOW LIGHT HIGH LIGHT 
 Growth rate (h-1) 
550nm 0,0114 0,0282 
665nm 0,0119 0,0296 
750nm 0,0118 0,0298 
Coulter Counter 0,0098 0,0395 
Table 2: Growth rates of the condition 1. 
The growth rates were calculated using the following equation:    
     
  
  
     
 
 
The second method used to follow the algae growth is the Coulter Counter with which we 
obtained a more precise and reliable estimation of the concentration of our cultures. 
Looking at the curves obtained (Figure 9), we can see that both of them follow the same 
tendencies as the OD curves (linear growth for the low lights and exponential growth for 
the high light) which is expected. However, the results found at 199.5 hours for both low 
light and high light seem abnormal: at this point, the concentration of high light decreases 
drastically when the concentration of low light skyrockets except in the tube n°1 where it 
plunges. This looks more likely to be an experimental error and will be further investigated 
in the discussion. 
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Figure 9: Cell count of the culture from condition 1 over time. 
The “y” axis is the concentration of cell.mL-1 and the “x” axis is the time in hours  
In parallel the evolution of the cell size was also investigated and appears to be contrasting 
from the low to the high lights (Figure 10). Indeed, the average size of the former is 
increasing when the one of the latter decreased significantly. Moreover, the anomaly 
previously seen on the cell count at 200 hours is also visible here and for both low and high 
light. 
 
                                  Figure 10: Average size of cells under condition 1 over time 
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2) The algae grown with a nitrogen shortage (condition 2) 
 
Here, the algae were lacking nitrogen and their growth was monitored using the same 
methods were used here as for condition 1. The growth curves obtained from the OD 
measurements show similar tendencies than those from the former condition but on a 
shorter period of time (Figures 11-12). Indeed, the low light show a linear growth over 
approximately 83 hours when the high lights grow exponentially over a little bit less than 
40 hours. After those points, the curves start to decrease slightly but then start to build up 
again until the end of the measurements. The growth rates calculated on the positive 
growth period show that the high light grow approximately twice as fast as the low light 
which is again, in accordance with our expectations (Table 3). 
 
Figure 11: Growth curves of the low light algae under condition 2. 
Each curve represents the average OD of the 4 test tubes grown under the same light at each of the 3 selected 
wavelengths. 
 
Figure 12: Growth curves of the high light algae under condition 2. 
Each curve represents the average OD of the 4 test tubes grown under the same light at each of the 3 selected 
wavelengths. 
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 LOW LIGHT HIGH LIGHT 
 Growth rate (h-1) 
550nm 0,0099 0,0223 
665nm 0,0104 0,0238 
750nm 0,0103 0,0245 
Coulter Counter 0,0072 0,0183 
Table 3: Growth rates of the condition 2. 
The growth rates were calculated with the same formula used for condition 1 
 
The growth curves shown in the Figure 13 were obtained with the cell count from the 
coulter counter and are a little less predictable than those of the first condition as they 
correspond less to our former results. Indeed, the low light here don’t show a constant 
growth as they do with their OD curve but more of a stationary phase followed by an 
exponential one. Moreover, at approximately 120 hours and after having decreased as 
expected, their number starts to grow again until exceeding their highest count before their 
fall. Concerning the high lights, their exponential face is similar the one observed with the 
OD curves until a little bit less than 40 hours.  
After this point, the growth decreases but increases again after approximately 50 hours to 
reach almost 250,000 cells.mL-1, variation that is not visible on the OD curve. After that, 
the curve decreases constantly until reaching the low light curve and rising again, 
following the same tendency. 
            
 
Figure 13:  Cell count of the culture from condition 2 over time. 
The “y” axis corresponds to the concentration of cell.ml-1 and the “x” axis corresponds to the time in hours. 
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Here again, the average size profile of the cells is really different for the low and high 
lights but also unlike those of the condition 1 (Figure14). For the low light, the size does 
not vary much but only slowly increases from 7.2 to approximately 7.8microm. On the 
other hand, the size of the high lights skyrockets from 7.2 to 8.3microm (in average) in 
less than 24 hours but then decreases without interruption until the end of the experiment.  
 
Figure 14: Average size of cells under condition 2 over time 
All in all, the results obtained for both conditions with the OD measurements and the 
coulter counter are generally those expected. The growth of the algae is clear even if some 
irregularities are present. Those data allow us to use the measurements and the cell counts 
in a deeper analysis process. 
 
Furthermore, a pattern in all of the growth curves is noticeable. Indeed, the OD measured 
at 750 nm is always a little bit lower than those measured at 550 nm and 665 nm.  
 
The Chlorophyll Extraction 
One of the main objectives of this project/experiment was to figure out the optimum 
microalgae bio-volume needed for the improvement of production of the microalgae in 
bioreactors. To accomplish this task, chlorophyll extractions had to be made. The results 
that we acquired were not really good and thus were cut out of the report because they 
were of no use. A possible explanation for this occurrence can be found in both the 
discussion and perspectives sections.  
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Data Processing  
In this chapter we will work more extensively with our data. Firstly we will show a table 
including the results of a number of regression and correlation tests. These tests have been 
conducted between different parameters. These parameters are firstly the different 
wavelengths, secondly the wavelengths are divided into different growth states; being the 
exponential phase and the stationary phase. Subsequently the parameters are paired with 
the corresponding coulter counter measurement, to give relations between our data. 
For a better understanding, the algae grown under condition 1 with a low light are called 
1a and those grown with a high light are called 1b. The same goes for the algae grown 
under condition 2 (low nitrogen content): the low lights are called 2a and the high lights 
are 2b. 
Regression Table 
From our processed data, we extracted the information relevant for our analysis such as the 
linear equation obtained for each of our conditions and growth phases. We were also able 
to compute the “r value” (which is the correlation coefficient which measures the degree of 
relation between the OD and Cell Count). We were also able to get the “R² value” (also 
known as, the power of explanation, which basically tells us just how much of an impact 
the manipulations in the OD have on the cell count). The R² value can range anywhere 
between 0-100%.  
“F” and “p” values were also computed. The values, respectively, tell us whether or not the 
null hypothesis for the model is true and also show the significance of our correlation 
analysis. The F-ratio ranges from 0 to an infinitely high number. If the ratio is much bigger 
than 1, then we have to reject the null hypothesis (which, in our case, is that there is no 
relationship/correlation between the OD and cell count) and accept the alternative 
hypothesis, which states that there actually is a relationship between the two variables. As 
for the p-value, the lower it is, the more significant our results actually are i.e. a p-value of 
0.001 or 0.00 shows a very strong significance. A regression analysis was conducted on 
the data as mentioned earlier. We decided to separate the results according to the different 
conditions we were investigating. The figure 15 shows the results for the exponential 
phases of the growth under all our conditions. 
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Figure 
15: Linear Regression plots of the OD vs the reference cell count  for the exponential phases of all 
conditions and for all three wavelengths . 
15A. condition 1, low light/15B. condition 1, high light/15C. condition 2, low light/15D. condition 2, high 
light 
 
Figure 15A shows us the linear regression lines for the algae exposed to low light 
conditions and the 3 different wavelengths. Overall, all three of them show a not so strong 
correlation based on the range of the  R² values, i.e. between 0.561-0.696, which explains 
the amount of scatter that is visible on the plot but show a rather strong significance with 
p-values of ≈ 0,000. However, out of the 3 wavelengths, it looks as though the 550nm gave 
the best regression line because it has the highest R² value, i.e. 0,696 and a bit less scatter 
around the line, indicating a stronger relationship, or rather a more significant one.  
Figure 15B shows the linear regression lines for the algae exposed to high light. Looking 
at the overall picture, we can say that the algae were really thriving under this condition 
(regardless of the wavelength) since they display really significant correlations. The R² 
values range between 0.911-0.939 and uniform p-values of ≈ 0,000 which shows really 
strong and significant correlations basically telling us that majority (over 90%) of the 
differences noted in “y” are actually explained by the manipulations we did on “x”. Out of 
the 3 wavelengths, wavelength 550nm again gave the best regression line with an R² value 
of 0.939. 
15A 
15D 15C 
15B 
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Figure 15C, exhibits the linear regression lines for the algae exposed under condition 2 
and with a low light exposure. The algae all seem to be doing well under this condition too 
showcasing very significant correlations (p≈ 0,000) but with relatively strong correlations 
with R² values ranging between 0.774-0.826. The wavelength that has the best regression 
line is wavelength 750nm which has an R² value of 0.826, basically accounting 82.6% of 
the differences noted in “y “due to manipulations in “x”. 
Finally, figure 15D shows the linear regression lines of the algae exposed to high light. 
Under this condition, the algae also seem to do really well, showing that the correlations 
are very significant (p≈ 0,000) and very strong too with the R² values ranging between 
0.899-0.910. Out of the 3 wavelengths, wavelength 750nm had the best regression line 
with the R² value of 0.910 telling us that 91% of the differences in “y” come as a direct 
result of our manipulations on “x” and only 9% of that was a result of random variation 
(i.e. other factors we didn’t look into. 
Looking at the table below (table 4), a common trend is observed in all the exponential 
phases; indeed, all of them have high F-values and this basically tells us to reject our null 
hypothesis (saying that there is no relationship between the OD and the reference cell 
count) and in turn, to accept the alternative hypothesis that validates the relationship 
between the OD and cell count (Myra, 2012). 
Another observed common trend is the fact that all the exponential phases have very low 
p-values which tells us that the significance is very strong.  As a rule of thumb, we know 
that if you have a high F-value and a low p-value, then the null hypothesis has to be 
rejected. However, we witness the opposite in the stationary phase data which makes sense 
since there is not really any relationship between the “x” and “y” variables in this phase. 
The linear equations drawn from the plots are listed below. 
 
 
 
 
 
 
23 
 
 550 nm 665 nm 750 nm 
1a Exponential 
Phase 
                           
 
R = 0,834 
R2 = 0,696 
F = 178,807 
p ≈ 0,000 
                           
 
R = 0,749 
R2 = 0,561 
F = 94,471 
p ≈ 0,000 
                  
        
R = 0,819 
R2 = 0,671 
F = 150,615 
p ≈ 0 ,000 
1a Stationary 
Phase 
                        
 
R = 0,183 
R2 = 0,034 
F = 1,323 
p = 0,257 
                           
 
R = 0,197 
R2 = 0,039 
F = 1,537 
p = 0,223 
                  
        
R = 0,125 
R2 = 0,016 
F = 0,607 
p =0,441  
1b Exponential 
Phase 
                        
 
R = 0,969 
R2 = 0,939 
F = 521,778 
p ≈ 0,000 
                        
 
R = 0,957 
R2 = 0,917 
F = 329,907 
p ≈ 0,000 
                  
        
R = 0,954 
R2 = 0,911 
F = 306,168 
p ≈ 0,000 
1b Stationary 
Phase 
                        
 
R = 0,656 
R2 = 0,430 
F = 61,868 
p ≈ 0,000 
                        
 
R = 0,588 
R2 = 0,345 
F = 43,234 
p ≈ 0,000 
                  
        
R = 0,550 
R2 = 0,303 
F = 35,555 
p ≈ 0,000 
2a Exponential 
Phase 
                           
 
R = 0,880 
R2 = 0,774 
F = 89,109 
p ≈ 0,000 
                          
 
R = 0,892 
R2 = 0,795 
F = 101,071 
p ≈ 0,000 
                  
        
R = 0,909 
R2 = 0,826 
F = 123,118 
p ≈ 0,000 
2a Stationary 
Phase 
                         
 
R = 0,555 
R2 = 0,308 
F = 4,445 
p = 0,061 
                           
 
R = 0,524 
R2 = 0,275 
F = 3,785 
p = 0,080 
                  
        
R = 0,511 
R2 = 0,261 
F = 3,526 
p = 0,090  
2b Exponential 
Phase 
                         
 
R = 0,948 
R2 = 0,899 
F = 160,961 
p ≈ 0,000 
                           
 
R = 0,953 
R2 = 0,907 
F = 176,230 
p ≈ 0,000 
                  
        
R = 0,954 
R2 = 0,910 
F = 181,212 
p ≈ 0,000 
2b Stationary 
Phase 
                        
 
R = 0,730 
R2 = 0,533 
F = 18,286 
p = 0,001 
                           
 
R = 0,745 
R2 = 0,555 
F = 19,982 
p = 0,001 
                  
        
R = 0,738 
R2 = 0,545 
F = 19,184 
p = 0,001 
           Table 4: Results of the regression and correlation analysis for all conditions  
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Here, the phase of interest is the growth phase and so, in regards to this fact and with the 
results shown in the plots and the table above, the stationary phases were not used in the 
rest of the analysis. The linear equations of the growth phases were manipulated to 
calculate the cell count corresponding to the OD for each condition:    
      
 
. This 
new computed cell count was then compared to the reference from the coulter counter by 
doing a ratio of the former by the latter. Finally, by sorting out which condition has the 
best ratios, it is possible to determine under which condition the OD is the most reliable 
and thus should be used to estimate the biovolume of a Rhodomonas Salina culture.  
 
SIGNIFICANT SIMILARITIES BETWEEN THE DIFFERENT CELL COUNTS 
AND THE REFERENCE 
 
Comparing the highlights for each wavelength under condition 1 (table 5), it is visible that 
the ratios obtained at 750nm are better than the others (looking at each single point and at 
the average). It oscillates between 78.5% and 118.2% when the ratios at 665nm and 
550nm go from approximately 66% to 124%. The same tendency goes for the lowlights 
algae where the best ratios are those at 750nm.  Some of those at 665nm and 550nm are 
even negative which indicates a really poor linear regression. Finally, comparing the best 
results for low and highlights (at 750nm), we can see that the highlights give finer ratios 
than the low lights. For the condition 1, the cell count closest to our reference is the one 
obtained by measuring the OD at 750nm and under a high light. 
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Time (h) Ratio(%) 750 nm 665 nm 550 nm 
  
Low light High light Low light High light Low light High light 
0        
5.5  8.25 78.59 -39.30 66.88 -2.80 66.06 
24.5  24.58 102.77 -18.95 95.52 10.87 95.66 
29.5  11.85 104.08 -23.67 100.01 -0.45 100.82 
47.5  51.94 113.23 18.57 108.73 43.29 109.13 
55.5  64.25 98.73 32.97 95.90 60.67 94.49 
70.5  73.41 85.11 58.49 83.56 76.79 83.22 
76.5  69.06 99.13 44.49 99.59 63.04 99.00 
93  80.08 118.02 59.08 121.79 73.74 123.60 
101.5  91.35  70.84  88.16  
122.5  113.91  92.03  110.99  
127.5  93.93  77.41  92.38  
144.5  118.76  98.56  118.50  
152.5  94.47  80.32  93.08  
167.5  140.14  119.46  138.80  
173  141.37  123.33  139.77  
192  107.87  95.05  106.90  
199.5  77.34  69.45  77.85  
215.5  138.71  123.51  140.94  
228  158.73  142.38  163.61  
 
Average 87.37 99.96 64.42 96.50 84.01 96.50 
Table 5: Ratios between Reference cell count and calculated cell count for experiment 1. 
Regarding experiment 2 (table 6), we see that the tendency is quite different from 
condition 1. Indeed, by looking at the averages and the single point ratios, we can see that 
the best results for the high lights are at 550nm (between 45.5% and 80%) and at 665nm 
for the low lights (between 78% and 116%). Here, the average of the best results of the 
low lights algae is significantly better than the one for highlights (respectively 98.54% and 
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65.69%). The spread of the data around this average varies ±20%, which is fairly high, but 
relatively low, compared to some of the other results, for example, the 550 nm at low light, 
that varies from a ratio of about 5% to 337%. For the condition 2, the cell count closest to 
our reference is the one obtained by measuring the OD at 665nm under low lights with an 
average ratio of 98.54%. 
Time (h) Ratio(%) 
750 nm 
  
665 nm 
  
550 nm 
  
   Low light High light Low light High light Low light High light 
0.0  8.56 23.13 78.83 29.01 5.39 42.78 
10.0  8.95 41.92 86.92 48.10 39.99 63.75 
20.0  9.01 55.89 87.10 61.65 111.54 79.49 
34.5  11.19 65.20 115.35 68.32 236.68 76.73 
46.5  10.37  113.74  281.14   
75.0  9.70  97.35  297.33   
85.0  11.25  110.49  337.28   
  Average 9.86 46.54 98.54 51.77 187.05 65.69 
Table 6: Ratios between Reference cell count and calculated cell count for experiment 2. 
 All in all, the condition 1 gives us better results than the condition 2. 
We can however note that the averages of condition 2 might be less representative than 
those of condition1 because of the fewer amount of sample. 
Biovolume Graphs 
The biovolume was calculated under the assumption that the algae we are working with 
are spherical. This is not exactly the case, but it is argued that this is approximately the 
case. The mean size of the algae and the cell count are used when calculating the 
biovolume.   
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Figure 16: Average biovolume for condition 1 & 2 
To obtain the biovolume, we use the formula of the sphere's volume which is:    
 
 
 
  (Olenina et al., 2006). The diameters of the cell used in the calculation are found in figure 
10 and 14. The result is then multiplied by the number of cells given by the coulter counter 
(figure 9 and 13). The biovolume here are in    . 
Looking at the results obtained under condition 1, we can see that for the low light the 
biovolume constantly increase whereas the high light brutally increase in the beginning to 
decrease slowly until the same low light biovolume. When considering the condition 2 results, 
the initial growth follows the same patterns as for condition 1. However the growth stagnates 
much faster, leading to a significantly lower biovolume for both low and high light. 
 
All in all, the results obtained for both conditions are generally those expected and are to some 
degree consistent with previous results. The major difference being, that there seem to be less 
of a difference between low and high light towards the end of the graphs (late stationary 
phase). 
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D I S C U S S I O N 
In the following chapter we will go through a discussion of a number of discussion points, 
including, but not limited to, our hypotheses and discuss to which degree we can give a 
qualified answer to these.  This will be done by reflecting on our results, and compare 
these with known theory. 
Answering our hypotheses 
Our hypothesis that there would be a difference between the biomass calculated from the 
OD and the one measured with a coulter counter is answered by the ratios calculated 
earlier (cf. tables 5 and 6). Another and more general way of doing so could be by 
comparing the cell count of the coulter counter (reference cell count) with all those 
calculated from the ODs measured at our different conditions and wavelengths, using a 
correlation analysis (table 7). This method also shows and thus validates that there is a 
difference between the cell counts and the reference, as the correlation coefficient is not 
equal to 1. ` 
 
Table 7: Correlation between cell count based on all OD measurements  and  reference cell count 
On the other hand we can also see that the correlation coefficients are not far from 1 
(around 0.9 for all three wavelengths), telling us that the way the cell count from the OD 
was calculated is acceptable, despite the divergence  from the actual cell count. We can 
thereby confirm our first hypothesis, stating that there is a difference between the biomass 
when calculated from the OD and when calculated from the coulter counter data, since it is 
experimentally visible. 
 
 
29 
 
From literature research, it is accepted that chlorophyll needs nitrogen to synthesise 
(Atwell et al., 1999). With that notion in mind, we would expect all the samples grown 
with optimal nitrogen to have normal chlorophyll content and those grown with low 
nutrient to have low chlorophyll content. However, we could not reach a valid conclusion 
because our pigment extraction data from our own experiments were not conclusive. Thus 
we were not able to answer our second hypothesis. Nevertheless, the literature and the 
growth curves obtained from the OD measurement could help us characterise the role of 
the pigment better. 
Indeed, it was noticed that throughout the course of the experiment, for both low lights and 
high lights, the lowest curve is always the one from the  ODs measured at 750nm (cf. 
tables 7, 8, 11 and 12).. If we consult the theory about the pigment absorption spectrum 
(cf. figure 2), this is also what we would expect. Due to the fact, that this wavelength is 
outside of the absorption spectrum there will be no light absorbed by the pigments. On the 
other hand, when dealing with wavelengths within the absorption spectrum, a certain 
amount of light will be absorbed by the pigments thus increasing the OD since more light 
is absorbed.  
Looking at the growth curves obtained from the OD measured at the two wavelengths 
within the absorption spectrum (550nm and 665nm), we can see that they are pretty similar 
and approximately on top of each other. Nevertheless, the 550nm curve seems to be higher 
than the 665nm one for the most part of the exponential phase. If we relate this to the 
theory on pigments, we would expect to see the opposite, since 665nm is at a peak of 
absorbance of the chlorophyll a’s absorption spectrum (cf. figure 2) which supposedly is 
the major pigment of the algae.  
In order to explain this, we can consult the theory of absorption again, but this time we 
look at the spectrum for phycoerythrin (figure 17). In fact, it shows that the peak of 
absorption for this pigment is approximately at 550nm. Since our results show that the OD 
at 550 nm (the peak absorbance for phycoerythrin) is higher than the OD at 665 nm (the 
peak for chlorophyll) it could be an indication that phycoerythrin is the dominant pigment 
in the exponential phase of this algae's growth. If we accept this argument as true, we can 
also say that the pigment seem to be less stable in its dominance, when the culture enters 
the stationary phase. This is shown as minor fluctuations in the OD measurements, and a 
seemingly random shift between 550 nm and 665 nm being the highest OD. 
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Figure 17: Absorption spectrum for phycoerythrin (Raeid et al., 2006) 
  
The data anomaly 
In the results of the condition 1, we noticed that around 200 hours after the beginning of 
the experiment, an anomaly occurred in the reference cell count and in the average particle 
curves, both given by the coulter counter (cf. figure 9 and 10). This does not have a large 
impact on our further work with the data, as it is only one event in a multitude of samples, 
but still is quite noticeable visually. The figure 18 displays the cell count curves with the 
data of low light and high light algae switched at 199.5 hours. The basis to accept the 
explanation that the samples 1-4 (low lights) and 5-8 (high lights) has been switched, is 
that the modified point fits almost perfectly with the tendency of the rest of the curves. 
However, as it cannot be proven that the data has been switched, it has not been corrected 
in the results section. We do however think that it is an anomaly which needs to be 
addressed, due to its visual significance and the fact, that it is relatively simply explained. 
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Figure 18: Our data edited as if tube 1-4 and 5-8 were switched at 199,5 hours ( condition 1).  
 
After conducting the experiments, we came to a few conclusions. The algae’s life span is 
composed of two stages, i.e. an exponential stage and a stationary phase. Our data was 
separated accordingly to minimise error in our data analysis. Light intensity and nutrient 
content were the two variables observed and after getting all the results, a decision was 
made to only focus on the exponential phases as they showed more about the actual 
growth and about the correlation between OD and cell count. There seems to be a general 
common trend in the different variables we were observing. Indeed and as expected, all the 
samples exposed to high light have a faster growth rate and die quicker whilst the ones 
exposed to low light last longer, growing approximately half as fast.  
The main objective for conducting this experiment was to figure out the best conditions 
under which one should grow and monitor the algae to obtain the most accurate OD 
possible. Our regression analysis of the OD against the cell count (from the CC) allowed 
us to compare the results found under all the different conditions tested and come to such a 
conclusion. 
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C O N C L U S I O N 
 
Globally, the data obtained all along the experiment are good and allowed us to draw 
plausible speculations concerning the causes of the inaccuracy of the OD measurement 
method. The growth curves drawn from both the OD and the reference cell count showed a 
standard and expected growth for each conditions and thus confirmed that our data were 
usable in the processing of the measurement. 
From the linear regression analysis, the equations linking the OD to the reference cell 
count  let us calculate a cell count based on the OD that could be used to estimate the 
biomass of a Rhodomonas Salina culture under different conditions. Finally, by comparing 
the experimental cell count to the reference, we were able to assess under which condition 
and at which wavelength (amongst those tested) the OD is the most reliable as an estimate 
of the biomass. 
According to our results, it would seem that growing Rhodomonas Salina in an optimal 
medium, under 140 µE.m-2.sec-1 of light and measuring the OD at 750nm ensures a more 
reliable OD. 
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P E R S P E C T I V E S 
 
There are further perspectives with this project that could be worked with. Since we were 
not able to make conclusions based on our data, about whether the difference between 
biomass calculated from OD and the actual biomass is due to pigments in the algae, an 
obvious first step, would be to do the chlorophyll extraction again, but this time do it with 
larger samples to get readable results. This would be impractical if not impossible to do 
with the multicultivator, as it does not have the capacity to hold batches of culture large 
enough to conduct a prolonged experiment where large volumes of culture is removed on a 
daily basis. A result of this would be a need for a setup with larger containers to grow the 
culture, and thus making it more difficult to control other factors such as light.  
Nevertheless we recommend carrying out an experiment focusing on identifying the 
pigment’s influence on the OD, while having mapping of the growth as a second priority.  
Another tool to extend the duration of an experiment, could be feeding the algae along the 
way. This could be simply done by pouring new medium into the container when the 
culture seems to be starved but also implies to take in account a dilution factor for the 
concentration of cells each time new medium is added. 
Seeing our results now, we could think that taking the phycoerythrin into account in the 
pigment extraction, in order to improve the OD measurement, could have been relevant. 
This is because we know that put more focus on the red pigment (phycoerythrin).  
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A P P E N D I X 
1. Raw data 
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2. Regression analysis 
750 nm 
Experiment 1 low light (1-4) exponential phase: 
 
                              
Model Summary 
Mod
el R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
1 ,819
a
 ,671 ,666 ,034581 
a. Predictors: (Constant), CC 1-4 exp 
 
ANOVA
a
 
Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
1 Regression ,180 1 ,180 150,615 ,000
b
 
Residual  ,088 74 ,001   
Total ,269 75    
a. Dependent Variable: TUBE1-4 750 exp 
53 
 
b. Predictors: (Constant), CC 1-4 exp 
 
Correlations 
 
TUBE1-4 
750 exp 
CC 1-4 
exp 
TUBE1-4 
750 exp 
Pearson 
Correlation 
1 ,819 
Sig. (2-tailed)  ,000 
N 76 76 
CC 1-4 exp Pearson 
Correlation 
,819 1 
Sig. (2-tailed) ,000  
N 76 80 
. Correlation is significant at the 0.01 level (2-tailed). 
Correlations 
 
TUBE1-4 
750 exp 
CC 1-4 
exp 
Spearman'
s rho 
TUBE1-4 
750 exp 
Correlation 
Coefficient 
1,000 ,917
**
 
Sig. (2-tailed) . ,000 
N 76 76 
CC 1-4 exp Correlation 
Coefficient 
,917
**
 1,000 
Sig. (2-tailed) ,000 . 
N 76 80 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
Experiment 1 low light (1-4) stationary phase: 
Coefficients
a
 
Model 
Unstandardized Coefficients  
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) ,014619 ,007  2,060 ,043 
CC 1-4 exp 1,989859E-7 ,000 ,819 12,273 ,000 
a. Dependent Variable: TUBE1-4 750 exp 
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Model Summary 
Mod
el R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
1 ,125
a
 ,016 -,010 ,020988 
a. Predictors: (Constant), CC 1-4 sta 
 
ANOVA
a
 
Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
1 Regression ,000 1 ,000 ,607 ,441
b
 
Residual  ,017 38 ,000   
Total ,017 39    
a. Dependent Variable: TUBE1-4 750 sta 
b. Predictors: (Constant), CC 1-4 sta 
Coefficients
a
 
Model 
Unstandardized Coefficients  
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant ,172404 ,017  9,990 ,000 
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) 
CC 1-4 sta 2,073732E-8 ,000 ,125 ,779 ,441 
a. Dependent Variable: TUBE1-4 750 sta 
 
Correlations 
 
CC 1-4 sta 
TUBE1-4 750 
sta 
CC 1-4 sta Pearson Correlation 1 ,125 
Sig. (2-tailed)  ,441 
N 40 40 
TUBE1-4 750 sta Pearson Correlation ,125 1 
Sig. (2-tailed) ,441  
N 40 40 
 
Correlations 
 
CC 1-4 sta 
TUBE1-4 750 
sta 
Spearman's rho CC 1-4 sta Correlation 
Coefficient 
1,000 ,045 
Sig. (2-tailed) . ,784 
N 40 40 
TUBE1-4 750 sta Correlation 
Coefficient 
,045 1,000 
Sig. (2-tailed) ,784 . 
N 40 40 
 
 
Experiment 1 high light (5-8) exponential phase: 
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Model Summary 
Mod
el R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
1 ,954
a
 ,911 ,908 ,033273 
a. Predictors: (Constant), CC 5-8 exp 
 
ANOVA
a
 
Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
1 Regression ,339 1 ,339 306,168 ,000
b
 
Residual  ,033 30 ,001   
Total ,372 31    
a. Dependent Variable: tube5-8 750 exp 
b. Predictors: (Constant), CC 5-8 exp 
 
Coefficients
a
 
Model 
Unstandardized Coefficients  
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
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1 (Constant) ,0043845 ,011  ,408 ,686 
CC 5-8 exp 2,4959224E-7 ,000 ,954 17,498 ,000 
a. Dependent Variable: tube5-8 750 exp 
 
Correlations 
 
tube5-8 750 
exp CC 5-8 exp 
tube5-8 750 
exp 
Pearson Correlation 1 ,954 
Sig. (2-tailed)  ,000 
N 32 32 
CC 5-8 exp Pearson Correlation ,954 1 
Sig. (2-tailed) ,000  
N 32 36 
. Correlation is significant at the 0.01 level (2-tailed). 
 
Correlations 
 
tube5-8 750 
exp CC 5-8 exp 
Spearman's rho tube5-8 750 
exp 
Correlation 
Coefficient 
1,000 ,929
**
 
Sig. (2-tailed) . ,000 
N 32 32 
CC 5-8 exp Correlation 
Coefficient 
,929
**
 1,000 
Sig. (2-tailed) ,000 . 
N 32 36 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
Experiment 1 high light (5-8) stationary phase: 
58 
 
 
                                
Model Summary 
M
o
d
el R 
R 
Sq
uar
e 
Adjus
ted R 
Squar
e 
Std. 
Error 
of 
the 
Estim
ate 
1 ,55
0
a
 
,30
3 
,294 
,0360
98 
a. Predictors: (Constant), CC 5-8 sta 
ANOVA
a
 
Model 
Sum 
of 
Squar
es df 
Mea
n 
Squa
re F 
Sig
. 
1 Regr
essio
n 
,046 1 ,046 
35,
56
5 
,00
0
b
 
Resi
dual 
,107 82 ,001   
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Total ,153 83    
a. Dependent Variable: tube5-8 750 sta 
b. Predictors: (Constant), CC 5-8 sta 
Coefficients
a
 
Model 
Unstandardized 
Coefficients 
Standardi
zed 
Coefficien
ts 
t Sig. B 
Std. 
Error Beta 
1 (Con
stan
t) 
,1617305 ,017  
9,
47
9 
,000 
CC 
5-8 
sta 
9,5747533E-
8 
,000 ,550 
5,
96
4 
,000 
a. Dependent Variable: tube5-8 750 sta 
Correlations 
 
CC 5-
8 sta 
tube5-8 
750 sta 
CC 5-8 sta Pearson 
Correlation 
1 ,550 
Sig. (2-tailed)  ,000 
N 84 84 
tube5-8 
750 sta 
Pearson 
Correlation 
,550 1 
Sig. (2-tailed) ,000  
N 84 84 
. Correlation is significant at the 0.01 level (2-
tailed). 
Correlations 
 
CC 
5-8 
sta 
tube5
-8 
750 
sta 
Spearman' CC 5-8 sta Correlation 1,00 ,501
**
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s rho Coefficient 0 
Sig. (2-tailed) . ,000 
N 84 84 
tube5-8 750 
sta 
Correlation 
Coefficient 
,501
**
 
1,000 
Sig. (2-tailed) ,000 . 
N 84 84 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
 
 
 
 
Experiment 2 low light (1-4) exponential phase: 
 
                                
 
Model Summary 
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Mod
el R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
1 ,909
a
 ,826 ,819 ,004486 
a. Predictors: (Constant), CC 1-4 exp 
 
ANOVA
a
 
Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
1 Regression ,002 1 ,002 123,118 ,000
b
 
Residual  ,001 26 ,000   
Total ,003 27    
a. Dependent Variable: TUBE1-4 750 exp 
b. Predictors: (Constant), CC 1-4 exp 
 
Coefficients
a
 
Model 
Unstandardized Coefficients  
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) ,0006472 ,003  ,247 ,807 
CC 1-4 exp 2,0137629E-7 ,000 ,909 11,096 ,000 
a. Dependent Variable: TUBE1-4 750 exp 
Correlations 
 
TUBE1-4 750 
exp CC 1-4 exp 
TUBE1-4 750 exp Pearson Correlation 1 ,909 
Sig. (2-tailed)  ,000 
N 28 28 
CC 1-4 exp Pearson Correlation ,909 1 
Sig. (2-tailed) ,000  
N 28 28 
. Correlation is significant at the 0.01 level (2-tailed). 
 
Correlations 
 
TUBE1-4 750 CC 1-4 exp 
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exp 
Spearman's rho TUBE1-4 750 exp Correlation 
Coefficient 
1,000 ,907
**
 
Sig. (2-tailed) . ,000 
N 28 28 
CC 1-4 exp Correlation 
Coefficient 
,907
**
 1,000 
Sig. (2-tailed) ,000 . 
N 28 28 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
Experiment 2 low light (1-4) stationary phase: 
 
                                
 
Model Summary 
Mod
el R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
1 ,511
a
 ,261 ,187 ,008237 
a. Predictors: (Constant), CC 1-4 sta 
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ANOVA
a
 
Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
1 Regression ,000 1 ,000 3,526 ,090
b
 
Residual  ,001 10 ,000   
Total ,001 11    
a. Dependent Variable: TUBE1-4 750 sta 
b. Predictors: (Constant), CC 1-4 sta 
 
Coefficients
a
 
Model 
Unstandardized Coefficients  
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) ,0264828 ,013  2,063 ,066 
CC 1-4 sta 1,3089609E-7 ,000 ,511 1,878 ,090 
a. Dependent Variable: TUBE1-4 750 sta 
 
Correlations 
 
TUBE1-4 750 
sta CC 1-4 sta 
TUBE1-4 750 sta Pearson Correlation 1 ,511 
Sig. (2-tailed)  ,090 
N 12 12 
CC 1-4 sta Pearson Correlation ,511 1 
Sig. (2-tailed) ,090  
N 12 12 
 
Correlations 
 
TUBE1-4 750 
sta CC 1-4 sta 
Spearman's rho TUBE1-4 750 sta Correlation 
Coefficient 
1,000 ,354 
Sig. (2-tailed) . ,258 
N 12 12 
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CC 1-4 sta Correlation 
Coefficient 
,354 1,000 
Sig. (2-tailed) ,258 . 
N 12 12 
 
Experiment 2 high light (5-8) exponential phase:
 
                                
Model Summary 
Mod
el R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
1 ,954
a
 ,910 ,905 ,005352 
a. Predictors: (Constant), CC 5-8 exp 
 
ANOVA
a
 
Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
1 Regression ,005 1 ,005 181,212 ,000
b
 
Residual  ,001 18 ,000   
Total ,006 19    
a. Dependent Variable: tube5-8 750 exp 
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b. Predictors: (Constant), CC 5-8 exp 
Coefficients
a
 
Model 
Unstandardized Coefficients  
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) -,0107271 ,004  -2,758 ,013 
CC 5-8 exp 3,3623990E-
7 
,000 ,954 13,462 ,000 
a. Dependent Variable: tube5-8 750 exp 
 
 
 
 
 
Correlations 
 
tube5-8 
750 exp 
CC 5-8 
exp 
tube5-8 
750 exp 
Pearson 
Correlation 
1 ,954 
Sig. (2-tailed)  ,000 
N 20 20 
CC 5-8 exp Pearson 
Correlation 
,954 1 
Sig. (2-tailed) ,000  
N 20 20 
. Correlation is significant at the 0.01 level (2-tailed). 
 
Correlations 
 
tube5-8 
750 exp 
CC 5-8 
exp 
Spearman'
s rho 
tube5-8 
750 exp 
Correlation 
Coefficient 
1,000 ,873
**
 
Sig. (2-tailed) . ,000 
N 20 20 
CC 5-8 exp Correlation ,873
**
 1,000 
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Coefficient 
Sig. (2-tailed) ,000 . 
N 20 20 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
Experiment 2 high light (5-8) stationary phase: 
 
                                
 
Model Summary 
Mod
el R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
1 ,738
a
 ,545 ,517 ,006701 
a. Predictors: (Constant), CC 5-8 sta 
 
ANOVA
a
 
Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
1 Regression ,001 1 ,001 19,184 ,000
b
 
Residual  ,001 16 ,000   
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Total ,002 17    
a. Dependent Variable: tube5-8 750 sta 
b. Predictors: (Constant), CC 5-8 sta 
 
Coefficients
a
 
Model 
Unstandardized Coefficients  
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) ,0200999 ,008  2,569 ,021 
CC 5-8 sta 1,5810606E-7 ,000 ,738 4,380 ,000 
a. Dependent Variable: tube5-8 750 sta 
 
Correlations 
 
tube5-8 
750 sta 
CC 5-8 
sta 
tube5-8 
750 sta 
Pearson 
Correlation 
1 ,738 
Sig. (2-tailed)  ,000 
N 18 18 
CC 5-8 sta Pearson 
Correlation 
,738 1 
Sig. (2-tailed) ,000  
N 18 20 
. Correlation is significant at the 0.01 level (2-tailed). 
Correlations 
 
tube5-8 
750 sta 
CC 5-8 
sta 
Spearman'
s rho 
tube5-8 
750 sta 
Correlation 
Coefficient 
1,000 ,636
**
 
Sig. (2-tailed) . ,005 
N 18 18 
CC 5-8 sta Correlation 
Coefficient 
,636
**
 1,000 
Sig. (2-tailed) ,005 . 
N 18 20 
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**. Correlation is significant at the 0.01 level (2-tailed). 
 
665 nm 
Experiment 1 low light (1-4) exponential phase: 
 
 
 
   2,482E-7x + 0,827
a
 
 
Model Summary 
Mod
el R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
1 ,827
a
 ,684 ,680 ,041846 
a. Predictors: (Constant), CC 1-4 exp 
 
ANOVA
a
 
Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
1 Regression ,280 1 ,280 160,028 ,000
b
 
Residual  ,130 74 ,002   
Total ,410 75    
a. Dependent Variable: TUBE1-4 665 exp 
b. Predictors: (Constant), CC 1-4 exp 
 
Coefficients
a
 
Model Unstandardized Coefficients  Standardized t Sig. 
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Coefficients 
B Std. Error Beta 
1 (Constant) ,019 ,009  2,191 ,032 
CC 1-4 exp 2,482E-7 ,000 ,827 12,650 ,000 
a. Dependent Variable: TUBE1-4 665 exp 
 
 
 
 
 
Correlations 
 
TUBE1-4 665 
exp CC 1-4 exp 
TUBE1-4 665 exp Pearson Correlation 1 ,827
**
 
Sig. (2-tailed)  ,000 
N 76 76 
CC 1-4 exp Pearson Correlation ,827
**
 1 
Sig. (2-tailed) ,000  
N 76 80 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
 
Correlations 
 
TUBE1-4 665 
exp CC 1-4 exp 
Spearman's rho TUBE1-4 665 exp Correlation 
Coefficient 
1,000 ,920
**
 
Sig. (2-tailed) . ,000 
N 76 76 
CC 1-4 exp Correlation 
Coefficient 
,920
**
 1,000 
Sig. (2-tailed) ,000 . 
N 76 80 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
Experiment 1 low light (1-4) stationary phase: 
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y = -2,925E-8x + 0,249843 
Récapitulatif des modèles 
Modèl
e R R-deux R-deux ajusté 
Erreur 
standard de 
l 'estimation 
1 ,231
a
 ,053 ,017 ,014964 
a. Prédicteurs : (Constante), CC 1-4 sta 
 
Récapitulatif des modèles 
Modèl
e R R-deux R-deux ajusté 
Erreur 
standard de 
l 'estimation 
1 ,231
a
 ,053 ,017 ,014964 
a. Prédicteurs : (Constante), CC 1-4 sta 
 
Coefficients
a
 
Modèle 
Coefficients non standardisés  
Coefficients 
standardisés 
t Sig. B 
Ecart 
standard Bêta 
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1 (Constante) ,249843 ,016  15,225 ,000 
CC 1-4 sta -2,925E-8 ,000 -,231 -1,210 ,237 
a. Variable dépendante : TUBE 1-4 sta 
Corrélations 
 
TUBE 1-4 sta CC 1-4 sta 
TUBE 1-4 sta Corrélation de Pearson 1 -,230868 
Sig. (bilatérale)  ,237 
N 28 28 
CC 1-4 sta Corrélation de Pearson -,231 1 
Sig. (bilatérale) ,237  
N 28 28 
 
Nonparametric Corrélations 
 
TUBE 1-4 sta CC 1-4 sta 
Rho de Spearman TUBE 1-4 sta Coefficient de 
corrélation 
1,000 -,159 
Sig. (bilatéral) . ,418 
N 28 28 
CC 1-4 sta Coefficient de 
corrélation 
-,159 1,000 
Sig. (bilatéral) ,418 . 
N 28 28 
 
 
 
 
Experiment 1 high light (5-8) exponential phase: 
 
72 
 
 
                       
 
Model Summary 
Mod
el R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
1 ,957
a
 ,917 ,914 ,036138 
a. Predictors: (Constant), CC5-8ex 
 
ANOVA
a
 
Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
1 Regression ,431 1 ,431 329,907 ,000
b
 
Residual  ,039 30 ,001   
Total ,470 31    
a. Dependent Variable: Tube5-8ex 
b. Predictors: (Constant), CC5-8ex 
Coefficients
a
 
Model 
Unstandardized Coefficients  
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
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1 (Constant
) 
,0046381 ,012  ,398 ,694 
CC5-8ex 2,814E-7 ,000 ,957 18,163 ,000 
a. Dependent Variable: Tube5-8ex 
Correlations 
 
Tube5-
8ex CC5-8ex 
Tube5-
8ex 
Pearson Correlation 1 ,957
**
 
Sig. (2-tailed)  9,804E-18 
N 32 32 
CC5-8ex Pearson Correlation ,957
**
 1 
Sig. (2-tailed) 9,804E-18  
N 32 36 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
Nonparametric Correlations 
 
Tube5-
8ex CC5-8ex 
Spearman's rho Tube5-
8ex 
Correlation 
Coefficient 
1,000 ,932
**
 
Sig. (2-tailed) . 8,413E-15 
N 32 32 
CC5-8ex Correlation 
Coefficient 
,932
**
 1,000 
Sig. (2-tailed) 8,413E-15 . 
N 32 36 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
Experiment 1 high light (5-8) stationary phase: 
74 
 
 
                      
 
 
Model Summary 
Mod
el R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
1 ,588
a
 ,345 ,337 ,038562 
a. Predictors: (Constant), CC5-8stat 
 
ANOVA
a
 
Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
1 Regression ,064 1 ,064 43,234 ,000
b
 
Residual  ,122 82 ,001   
Total ,186 83    
a. Dependent Variable: Tube5-8stat 
b. Predictors: (Constant), CC5-8stat 
 
Coefficients
a
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Model 
Unstandardized Coefficients  
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant
) 
,168544 ,018  9,247 ,000 
CC5-8stat 1,128E-7 ,000 ,588 6,575 ,000 
a. Dependent Variable: Tube5-8stat 
Correlations 
 
Tube5-
8stat CC5-8stat 
Tube5-
8stat 
Pearson Correlation 1 ,588
**
 
Sig. (2-tailed)  4,217E-9 
N 84 84 
CC5-8stat Pearson Correlation ,588
**
 1 
Sig. (2-tailed) 4,217E-9  
N 84 84 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
Nonparametric Correlations 
 
Tube5-
8stat CC5-8stat 
Spearman's rho Tube5-
8stat 
Correlation 
Coefficient 
1,000 ,545
**
 
Sig. (2-tailed) . 8,598E-8 
N 84 84 
CC5-8stat Correlation 
Coefficient 
,545
**
 1,000 
Sig. (2-tailed) 8,598E-8 . 
N 84 84 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
 
Experiment 2 low light (1-4) exponential phase: 
76 
 
 
                                
 
Model Summary
b
 
M
o
d
el R 
R 
Sq
uar
e 
Adjus
ted R 
Squar
e 
Std. 
Error 
of 
the 
Estim
ate 
1 ,89
2
a
 
,79
5 
,788 
,0054
2 
a. Predictors: (Constant), CC 
b. Dependent Variable: OD14exp 
ANOVA
a
 
Model 
Sum 
of 
Squar
es df 
Mea
n 
Squa
re F 
Sig
. 
1 Regr
essio
n 
,003 1 ,003 
10
1,0
71 
1,89
73E-
10
 
Resi ,001 26 ,000   
77 
 
dual 
Tota
l 
,004 27    
a. Dependent Variable: OD14exp 
b. Predictors: (Constant), CC 
Coefficients
a
 
Model 
Unstandardized 
Coefficients 
Standardi
zed 
Coefficien
ts 
t Sig. B 
Std. 
Error Beta 
1 (Con
stan
t) 
,0025103 ,003  
,7
94 
,434 
CC 
1-4 
exp 
2,2045169E-
7 
,000 ,892 
10
,0
53 
,000 
a. Dependent Variable: TUBE1-4 665 exp 
 
 
Correlations 
 
OD14
exp CC 
OD14
exp 
Pearson 
Correlation 
1 
,892
*
*
 
Sig. (2-tailed)  ,000 
N 28 28 
CC Pearson 
Correlation 
,892
*
*
 
1 
Sig. (2-tailed) ,000  
N 28 28 
**. Correlation is significant at the 0.01 
level (2-tailed). 
 
Correlations 
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OD14
exp CC 
Spearman
's rho 
OD14
exp 
Correlation 
Coefficient 
1,000 
,891
*
*
 
Sig. (2-tailed) . ,000 
N 28 28 
CC Correlation 
Coefficient 
,891
*
*
 
1,00
0 
Sig. (2-tailed) ,000 . 
N 28 28 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
Experiment 2 low light (1-4) stationary phase:
 
                            
 
 
Model Summary
b
 
Mod
el R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
79 
 
1 ,524
a
 ,275 ,202 ,008715 
a. Predictors: (Constant), CC14Sta  
b. Dependent Variable: OD665Sta 
 
ANOVA
a
 
Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
1 Regression ,000 1 ,000 3,785 ,080
b
 
Residual  ,001 10 ,000   
Total ,001 11    
a. Dependent Variable: OD665Sta 
b. Predictors: (Constant), CC14Sta  
Coefficients
a
 
Model 
Unstandardized Coefficients  
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) ,0294538 ,014  2,169 ,055 
CC 1-4 sta 1,43492E-7 7,37516E-8 ,524 1,946 ,080 
a. Dependent Variable: TUBE1-4 665 sta 
 
Correlations 
 
OD66
5Sta 
CC14
Sta 
OD66
5Sta 
Pearson 
Correlation 
1 ,524 
Sig. (2-tailed)  ,080 
N 12 12 
CC14S
ta 
Pearson 
Correlation 
,524 1 
Sig. (2-tailed) ,080  
N 12 12 
 
Correlations 
 
OD66
5Sta 
CC14
Sta 
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Spearman'
s rho 
OD66
5Sta 
Correlation 
Coefficient 
1,000 ,379 
Sig. (2-tailed) . ,224 
N 12 12 
CC14S
ta 
Correlation 
Coefficient 
,379 1,000 
Sig. (2-tailed) ,224 . 
N 12 12 
 
 
 
Experiment 2 high light (5-8) exponential phase: 
 
                              
Model Summary
b
 
Mod
el R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
1 ,953
a
 ,907 ,902 ,005697 
a. Predictors: (Constant), CC58 
b. Dependent Variable: OD66558 
81 
 
 
ANOVA
a
 
Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
1 Regression ,006 1 ,006 176,230 ,000
b
 
Residual  ,001 18 ,000   
Total ,006 19    
a. Dependent Variable: OD66558 
b. Predictors: (Constant), CC58 
Coefficientsa 
Model 
Unstandardized Coefficients  
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) -,0101038 ,004  -2,440 ,025 
CC 5-8 exp 3,5295354E-7 ,000 ,953 13,275 ,000 
a. Dependent Variable: tube5-8 665 exp 
 
 
Correlations 
 
OD66
558 CC58 
OD66
558 
Pearson 
Correlation 
1 
,953
*
*
 
Sig. (2-tailed)  ,000 
N 20 20 
CC58 Pearson 
Correlation 
,953
**
 1 
Sig. (2-tailed) ,000  
N 20 20 
**. Correlation is significant at the 0.01 
level (2-tailed). 
 
Correlations 
 
OD66 CC58 
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558 
Spearman
's rho 
OD66
558 
Correlation 
Coefficient 
1,000 
,872
*
*
 
Sig. (2-tailed) . ,000 
N 20 20 
CC58 Correlation 
Coefficient 
,872
**
 
1,00
0 
Sig. (2-tailed) ,000 . 
N 20 20 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
Experiment 2 high light (5-8) stationary phase: 
 
                            
 
 
 
Model Summary
b
 
M
od R 
R 
Squa
Adjusted 
R Square 
Std. 
Error of 
83 
 
el re the 
Estimate 
1 ,196
a
 ,038 -,022 ,612909 
a. Predictors: (Constant), LogCC 
b. Dependent Variable: LogOD 
ANOVA
a
 
Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
1 Regres
sion 
,239 1 ,239 ,636 
,437
b
 
Residu
al 
6,011 16 ,376   
Total  6,249 17    
a. Dependent Variable: LogOD 
 
Coefficients
a
 
Model 
Unstandardized Coefficients  
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) ,020897 ,008  2,619 ,019 
CC 5-8 sta 1,645576E-7 ,000 ,745 4,470 ,000 
a. Dependent Variable: tube5-8 665 sta 
 
Correlations 
 
LogOD LogCC 
LogOD Pearson Correlation 1 ,196 
Sig. (2-tailed)  ,437 
N 18 18 
LogCC Pearson Correlation ,196 1 
Sig. (2-tailed) ,437  
N 18 20 
 
Correlations 
 
LogOD LogCC 
84 
 
Spearman's rho LogOD Correlation 
Coefficient 
1,000 ,561
*
 
Sig. (2-tailed) . ,015 
N 18 18 
LogCC Correlation 
Coefficient 
,561
*
 1,000 
Sig. (2-tailed) ,015 . 
N 18 20 
*. Correlation is significant at the 0.05 level (2-tailed). 
 
 
 
550 nm 
Experiment 1 low light (1-4) exponential phase: 
 
                      
 
Model Summary
b
 
Mod
el R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
85 
 
1 ,834
a
 ,696 ,692 ,043557 
a. Predictors: (Constant), CC 1-4 exp 
b. Dependent Variable: TUBE1-4 550 exp 
 
ANOVA
a
 
Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
1 Regression ,339 1 ,339 178,807 ,000
b
 
Residual  ,148 78 ,002   
Total ,487 79    
a. Dependent Variable: TUBE1-4 550 exp 
b. Predictors: (Constant), CC 1-4 exp 
 
Coefficients
a
 
Model 
Unstandardized Coefficients  
Standardized 
Coefficients 
t Sig. 
95,0% Confidence Interval for B 
B Std. Error Beta Lower Bound Upper Bound 
1 (Constant) ,017 ,008  2,039 ,045 ,000 ,034 
CC 1-4 exp 2,657E-7 ,000 ,834 13,372 ,000 ,000 ,000 
a. Dependent Variable: TUBE1-4 550 exp 
Correlations 
 
CC 1-4 exp 
TUBE1-4 665 
exp 
CC 1-4 exp Pearson Correlation 1 ,827
**
 
Sig. (2-tailed)  ,000 
N 80 76 
TUBE1-4 665 exp Pearson Correlation ,827
**
 1 
Sig. (2-tailed) ,000  
N 76 76 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
 
Correlations 
 
CC 1-4 exp 
TUBE1-4 665 
exp 
Spearman's rho CC 1-4 exp Correlation 1,000 ,920
**
 
86 
 
Coefficient 
Sig. (2-tailed) . ,000 
N 80 76 
TUBE1-4 665 exp Correlation 
Coefficient 
,920
**
 1,000 
Sig. (2-tailed) ,000 . 
N 76 76 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
Experiment 1 low light (1-4) stationary phase: 
 
                      
 
Model Summary 
Mod
el R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
1 ,183
a
 ,034 ,008 ,022821 
a. Predictors: (Constant), CC1-4 
 
ANOVA
a
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Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
1 Regression ,001 1 ,001 1,323 ,257
b
 
Residual  ,020 38 ,001   
Total ,020 39    
a. Dependent Variable: Tube 1-4stat 
b. Predictors: (Constant), CC1-4 
 
Coefficients
a
 
Model 
Unstandardized Coefficients  
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant
) 
,2168215 ,019  11,554 ,000 
CC1-4 3,328E-8 ,000 ,183 1,150 ,257 
a. Dependent Variable: Tube 1-4stat 
 
Correlations 
 
Tube 1-
4stat CC1-4 
Tube 1-
4stat 
Pearson Correlation 1 ,183 
Sig. (2-tailed)  ,257 
N 40 40 
CC1-4 Pearson Correlation ,183 1 
Sig. (2-tailed) ,257  
N 40 40 
 
Non parametric Correlations 
 
Tube 1-
4stat CC1-4 
Spearman's rho Tube 1-
4stat 
Correlation 
Coefficient 
1,000 ,139 
Sig. (2-tailed) . ,394 
N 40 40 
88 
 
CC1-4 Correlation 
Coefficient 
,139 1,000 
Sig. (2-tailed) ,394 . 
N 40 40 
 
 
 
Experiment 1 high light (5-8) exponential phase: 
 
 
                      
Model Summary 
Mod
el R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
1 ,969
a
 ,939 ,937 ,031533 
a. Predictors: (Constant), CC5-8 
 
ANOVA
a
 
Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
89 
 
1 Regression ,519 1 ,519 521,778 ,000
b
 
Residual  ,034 34 ,001   
Total ,553 35    
a. Dependent Variable: Tube5-8ex 
b. Predictors: (Constant), CC5-8 
Coefficients
a
 
Model 
Unstandardized Coefficients  
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant
) 
,003273 ,009  ,370 ,713 
CC5-8 2,841E-7 ,000 ,969 22,842 ,000 
a. Dependent Variable: Tube5-8ex 
 
 
Correlations 
 
Tube5-
8ex CC5-8 
Tube5-
8ex 
Pearson Correlation 1 ,969
**
 
Sig. (2-tailed)  3,294E-22 
N 36 36 
CC5-8 Pearson Correlation ,969
**
 1 
Sig. (2-tailed) ,000  
N 36 36 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
Nonparametric Correlations 
 
Tube5-
8ex CC5-8 
Spearman's rho Tube5-
8ex 
Correlation 
Coefficient 
1,000 ,954
**
 
Sig. (2-tailed) . 2,437E-19 
N 36 36 
CC5-8 Correlation ,954
**
 1,000 
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Coefficient 
Sig. (2-tailed) ,000 . 
N 36 36 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
Experiment 1 high light (5-8) stationary phase: 
 
                      
 
 
 
Model Summary 
Mod
el R R Square 
Adjusted R 
Square 
Std. Error of 
the Estimate 
1 ,656
a
 ,430 ,423 ,033810 
a. Predictors: (Constant), CC5-8stat 
 
ANOVA
a
 
Model 
Sum of 
Squares df 
Mean 
Square F Sig. 
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1 Regression ,071 1 ,071 61,868 ,000
b
 
Residual  ,094 82 ,001   
Total ,164 83    
a. Dependent Variable: Tube5-8stat 
b. Predictors: (Constant), CC5-8stat 
Coefficients
a
 
Model 
Unstandardized Coefficients 
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant
) 
,1628028 ,016  10,187 ,000 
CC5-8stat 1,183E-7 ,000 ,656 7,866 ,000 
a. Dependent Variable: Tube5-8stat 
 
Correlations 
 
Tube5-
8ex CC5-8 
Tube5-
8ex 
Pearson Correlation 1 ,969
**
 
Sig. (2-tailed)  3,294E-22 
N 36 36 
CC5-8 Pearson Correlation ,969
**
 1 
Sig. (2-tailed) ,000  
N 36 36 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
Nonparametric Correlations 
 
Tube5-
8ex CC5-8 
Spearman's rho Tube5-
8ex 
Correlation 
Coefficient 
1,000 ,954
**
 
Sig. (2-tailed) . 2,437E-19 
N 36 36 
CC5-8 Correlation 
Coefficient 
,954
**
 1,000 
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Sig. (2-tailed) ,000 . 
N 36 36 
**. Correlation is significant at the 0.01 level (2-tailed). 
 
 
Experiment 2 low light (1-4) exponential phase: 
 
y = 4,355632E-8x + 0,021757 
Récapitulatif des modèles 
Modèl
e R R-deux R-deux ajusté 
Erreur 
standard de 
l 'estimation 
1 ,211
a
 ,045 -,024 ,004772 
a. Prédicteurs : (Constante), CC 1-4 exp 
 
ANOVA
a
 
Modèle 
Somme des 
carrés ddl Carré moyen F Sig. 
1 Régression ,000 1 ,000 ,654 ,432
b
 
Résidus ,000 14 ,000   
Total ,000 15    
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a. Variable dépendante : TUBE 1-4 exp 
b. Prédicteurs : (Constante), CC 1-4 exp 
 
Coefficients
a
 
Modèle 
Coefficients non standardisés  
Coefficients 
standardisés 
t Sig. B 
Ecart 
standard Bêta 
1 (Constante) ,021757 ,006  3,728 ,002 
CC 1-4 exp 4,355632E-8 ,000 ,211 ,808 ,432 
a. Variable dépendante : TUBE 1-4 exp 
 
Correlations 
 
TUBE 1-4 exp CC 1-4 exp 
TUBE 1-4 exp Corrélation de Pearson 1 ,211 
Sig. (bilatérale)  ,432 
N 16 16 
CC 1-4 exp Corrélation de Pearson ,211 1 
Sig. (bilatérale) ,432  
N 16 16 
 
Nonparametric Correlations 
 
TUBE 1-4 exp CC 1-4 exp 
Rho de Spearman TUBE 1-4 exp Coefficient de 
corrélation 
1,000 ,427 
Sig. (bilatéral) . ,099 
N 16 16 
CC 1-4 exp Coefficient de 
corrélation 
,427 1,000 
Sig. (bilatéral) ,099 . 
N 16 16 
 
Experiment 2 low light (1-4) stationary phase: 
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y = 1,634E-7x + 0,020612 
 
 
 
Récapitulatif des modèles 
Modèl
e R R-deux R-deux ajusté 
Erreur 
standard de 
l 'estimation 
1 ,662
a
 ,438 ,412 ,007166 
a. Prédicteurs : (Constante), CC 1-4 sta 
 
ANOVA
a
 
Modèle 
Somme des 
carrés ddl Carré moyen F Sig. 
1 Régression ,001 1 ,001 17,132 ,000
b
 
Résidus ,001 22 ,000   
Total ,002 23    
a. Variable dépendante : TUBE 1-4 sta 
b. Prédicteurs : (Constante), CC 1-4 sta 
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Coefficients
a
 
Modèle 
Coefficients non standardisés  
Coefficients 
standardisés 
t Sig. B 
Ecart 
standard Bêta 
1 (Constante) ,020612 ,007  2,859 ,009 
CC 1-4 sta 1,634E-7 ,000 ,662 4,139 ,000 
a. Variable dépendante : TUBE 1-4 sta 
 
Corrélations 
 
TUBE 1-4 sta CC 1-4 sta 
TUBE 1-4 sta Corrélation de Pearson 1 ,662
**
 
Sig. (bilatérale)  ,000430 
N 24 24 
CC 1-4 sta Corrélation de Pearson ,662
**
 1 
Sig. (bilatérale) ,000  
N 24 24 
**. La corrélation est significative au niveau 0.01 (bilatéral). 
 
Nonparametrique Corrélations 
 
TUBE 1-4 sta CC 1-4 sta 
Rho de Spearman TUBE 1-4 sta Coefficient de 
corrélation 
1,000 ,634
**
 
Sig. (bilatéral) . ,000869 
N 24 24 
CC 1-4 sta Coefficient de 
corrélation 
,634
**
 1,000 
Sig. (bilatéral) ,001 . 
N 24 24 
**. La corrélation est significative au niveau 0.01 (bilatéral). 
 
Experiment 2 high light (5-8) exponential phase: 
96 
 
 
Y = 3,350E-7x - 0,006742 
Récapitulatif des modèles 
Modèl
e R R-deux R-deux ajusté 
Erreur 
standard de 
l 'estimation 
1 ,948
a
 ,899 ,894 ,005657 
a. Prédicteurs : (Constante), CC 5-8 exp 
 
ANOVA
a
 
Modèle 
Somme des 
carrés ddl Carré moyen F Sig. 
1 Régression ,005 1 ,005 160,961 ,000
b
 
Résidus ,001 18 ,000   
Total ,006 19    
a. Variable dépendante : TUBE 5-8 exp 
b. Prédicteurs : (Constante), CC 5-8 exp 
 
Coefficients
a
 
Modèle 
Coefficients non standardisés 
Coefficients 
standardisés 
t Sig. B Ecart Bêta 
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standard 
1 (Constante) -,006742 ,004  -1,639 ,118 
CC 5-8 exp 3,350E-7 ,000 ,948 12,687 ,000 
a. Variable dépendante : TUBE 5-8 exp 
 
 
Correlations 
 
TUBE 5-8 exp CC 5-8 exp 
TUBE 5-8 exp Corrélation de Pearson 1 ,948
**
 
Sig. (bilatérale)  ,000 
N 20 20 
CC 5-8 exp Corrélation de Pearson ,948377
**
 1 
Sig. (bilatérale) ,000  
N 20 20 
**. La corrélation est significative au niveau 0.01 (bilatéral). 
 
Nonparametric Correlations 
 
TUBE 5-8 exp CC 5-8 exp 
Rho de Spearman TUBE 5-8 exp Coefficient de 
corrélation 
1,000 ,878
**
 
Sig. (bilatéral) . ,000 
N 20 20 
CC 5-8 exp Coefficient de 
corrélation 
,877513
**
 1,000 
Sig. (bilatéral) ,000 . 
N 20 20 
**. La corrélation est significative au niveau 0.01 (bilatéral). 
 
Experiment 2 high light (5-8) stationary phase: 
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y = 1,585E-7x + 0,021803 
 
 
Récapitulatif des modèles 
Modèl
e R R-deux R-deux ajusté 
Erreur 
standard de 
l 'estimation 
1 ,730
a
 ,533 ,504 ,006879 
a. Prédicteurs : (Constante), CC 5-8 sta 
 
ANOVA
a
 
Modèle 
Somme des 
carrés ddl 
Carré 
moyen F Sig. 
1 Régression ,001 1 ,001 18,286 ,001
b
 
Résidus ,001 16 ,000   
Total ,002 17    
a. Variable dépendante : TUBE 5-8 sta 
b. Prédicteurs : (Constante), CC 5-8 sta 
Coefficients
a
 
Modèle Coefficients non standardisés Coefficients t Sig. 
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standardisés 
B 
Ecart 
standard Bêta 
1 (Constant
e) 
,021803 ,008  2,714 ,015 
CC 5-8 sta 1,585E-7 ,000 ,730 4,276 ,001 
a. Variable dépendante : TUBE 5-8 sta 
 
Correlations 
 
TUBE 5-8 sta CC 5-8 sta 
TUBE 5-8 sta Corrélation de Pearson 1 ,730
**
 
Sig. (bilatérale)  ,000579 
N 18 18 
CC 5-8 sta Corrélation de Pearson ,730
**
 1 
Sig. (bilatérale) ,001  
N 18 20 
**. La corrélation est significative au niveau 0.01 (bilatéral). 
 
Nonparametric Correlations 
 
TUBE 5-8 sta CC 5-8 sta 
Rho de Spearman TUBE 5-8 sta Coefficient de 
corrélation 
1,000 ,635
**
 
Sig. (bilatéral) . ,004639 
N 18 18 
CC 5-8 sta Coefficient de 
corrélation 
,635
**
 1,000 
Sig. (bilatéral) ,005 . 
N 18 20 
**. La corrélation est s ignificative au niveau 0.01 (bilatéral). 
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3. Chlorophyll extraction 
Experiment 1: 
 
 
 
 
 
 
101 
 
Experiment 2 
 
 
